The decreased response of the energy metabolism of lactose-starved Streptococcus cremoris upon readdition of lactose is caused by a decrease of the glycolytic activity (B. Poolman, E. J. Smid, and W. N. Konings, J. Bacteriol. 169:1460-1468. The decrease in glycolysis is accompanied by a decrease in the activities of glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate mutase. The steady-state levels of pathway intermediates upon refeeding with lactose after various periods of starvation indicate that the decreased glycolysis is primarily due to diminished glyceraldehyde-3-phosphate dehydrogenase activity. Furthermore, quantification of the control strength exerted by glyceraldehyde-3-phosphate dehydrogenase on the overall activity of the glycolytic pathway shows that this enzyme can be significantly rate limiting in nongrowing cells.
The decreased response of the energy metabolism of lactose-starved Streptococcus cremoris upon readdition of lactose is caused by a decrease of the glycolytic activity (B. Poolman, E. J. Smid, and W. N. Konings, J. Bacteriol. 169: [1460] [1461] [1462] [1463] [1464] [1465] [1466] [1467] [1468] 1987) . The decrease in glycolysis is accompanied by a decrease in the activities of glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate mutase. The steady-state levels of pathway intermediates upon refeeding with lactose after various periods of starvation indicate that the decreased glycolysis is primarily due to diminished glyceraldehyde-3-phosphate dehydrogenase activity. Furthermore, quantification of the control strength exerted by glyceraldehyde-3-phosphate dehydrogenase on the overall activity of the glycolytic pathway shows that this enzyme can be significantly rate limiting in nongrowing cells.
In a previous communication, we have presented evidence that the survival of Streptococcus cremoris upon lactose starvation in chemostat cultures is related to the glycolytic capacity maintained (12) . A rapid decrease of glycolytic activity was observed for lactose-starved cells in growth medium (anaerobically) and in phosphate-lactate buffer (aerobically) (12) . Initially, the decrease of glycolysis did not result in a lower steady-state level of the proton motive force (Ap), but the rate of proton motive force generation was severely affected. However, when glycolysis decreased further over time, the high proton motive force could not be maintained and the activity of proton motive force-driven processes, like amino acid transport, decreased (12) . In this paper, the cause of the drop in glycolytic activity upon (lactose) starvation has been analyzed.
Enzymatic activities. The decrease in glycolysis during starvation as described previously (12) was also observed for S. cremoris Wg2 (and S. lactis ML3) cells grown on complex broth (4) in batch cultures (Fig. 1 ). Cells were grown to an optical density at 660 nm of about 0.8, washed twice, and suspended in sterile phosphate-lactate buffer (pH 6.4) as described elsewhere (12) . At the times indicated, samples were taken and the acidification of the medium was monitored (11) . To study the effect of starvation on the activities of glycolytic enzymes, cell-free extracts were prepared (10) after three different periods of starvation, as indicated by the arrows (Fig. 1) . Enzymatic activities were determined by standard procedures involving NAD, NADH-, or NADPcoupled assays (3) . The effects of starvation on the activites of glyceraldehyde-3-phosphate (G3P) dehydrogenase (EC state levels of glycolytic intermediates were analyzed after various periods of starvation ( Fig. 1) upon refeeding with lactose. When the flux through a metabolic pathway is decreased, specifically by a decrease in activity of a single enzyme, the steady-state concentrations of substrate(s) and product(s) of that enzyme can be expected to increase and decrease, respectively. At times indicated (Fig. 1) , lactose was added to parallel suspensions of starved S. cremoris cells. Samples (1.0 ml) were withdrawn (after 0 to 60 min of glycolysis), and glycolytic intermediates were extracted and assayed by fluorescence spectrophotometry with NADH-or NADP-coupled indicator systems, as described by Maitra and Estabrook (9) and modified by Poolman et al. (12) . The steady-state concentrations (taken from time curves) of G3P plus dihydroxyacetone phosphate (DHAP), 3-phosphoglycerate (3-PG), 2-phosphoglycerate (2-PG), and phosphoenolpyruvate upon renewed addition of lactose after various periods of starvation are shown in Table 2 . Time courses of intracellular concentrations of glycolytic intermediates indicated that steady-state concentrations of 3-PG, 2-PG, and phosphoenolpyruvate were reached within 10 min of glycolysis, independent of starvation time, whereas the time to reach steady-state concentrations of DHAP plus G3P increased with the starvation period (data not shown). Upon addition of lactose during starvation, the steady-state levels of DHAP plus G3P increased, whereas the concentrations of intermediates following G3P dehydrogenase decreased (Table 2). The concentrations of 1,3-diphosphoglycerate, a product of the reaction catalyzed by G3P dehydrogenase, were too low to estimate accurately. The increase in DHAP plus G3P concentration most probably reflects the decreased activity of G3P dehydrogenase, since triose-phosphate isomerase (EC 5.3.1.1) was not affected by starvation and operates fast and close to equilibrium. The comparable effects of starvation on the steady-state concentrations of 3-PG (substrate of phosphoglycerate mutase) and 2-PG (product) indicate that the immediate decrease in glycolysis upon starvation (Fig. 1) potassium phosphate (pH 6.4)-S50 mM sodium lactate-i mM MgSO4 at a final protein concentration of 1.5 mg/ml. At times indicated, the cells were diluted 10-fold in 5 mM K-piperazine-N,N',-bis(2-ethanesulfonic acid) (K-PIPES) (pH 7.0)-S50 mM KCI-5 mM MgSO4. After equilibration at 30°C, lactose was added to a final concentration of 10 mM. pH changes were converted into nanomoles of H+/min x mg of protein, as described previously (11) . The sample identifications (A, B, and C) were used to denote the starvation times at which samples were withdrawn for measurement of glycolytic enzymes (Table 1 ) and the steady-state levels of glycolytic intermediates after readdition of lactose (Table 2) . of S. cremoris cells is determined to a large extent by the activity of G3P dehydrogenase. To quantify the control strength exerted by G3P dehydrogenase on the flux through the glycolytic pathway, the principles of the metabolic control theory were applied (5, 7). The control strength (LE.) of a step in a metabolic pathway is defined as the fractional change in flux through the pathway induced by a fractional change in the enzyme concerned, or in mathematical terms (dJIJ) (1) d'Ej {(dJ/J)/(dIII)}SS (2) {(dvj/vj)/(dII)j}s ,p (8) .
Since G3P dehydrogenase can be inhibited specifically (and irreversibly) by iodoacetate (IAA), the C'E. of this enzyme in glycolysis could be determined. To achieve this determination, freshly harvested cells of S. lactis (or S. cremoris) were washed twice and suspended in buffer as described in the legend to Fig. 2 . Subsequently, these resting-cell suspensions were incubated with various concentrations of IAA (Fig. 2) . After 15 min of incubation at 30°C, the cells were pelleted by centrifugation, washed twice again, and suspended in buffer. At this moment, the age of the cell suspension corresponded to that of sample A in Fig.  1 . Half of each of these cell suspensions was used to measure the glycolytic activity, whereas the other half of each was used to prepare cell-free extracts in which the activity of G3P dehydrogenase could be determined. Control experiments verified that other enzymes, like phosphoglycerate mutase, pyruvate kinase (EC 2.7.1.40), and L-lactate dehydrogenase (EC 1.1.1.27), which are inhibited by IAA only at millimolar concentrations (14), were not affected by Fig. 1 (samples A, B, and C) . Portions (1.0 ml) were withdrawn at regular time intervals and mixed with ice-cold perchloric acid (7% [wt/volJ final concentration). After pH neutralization, the concentrations of glycolytic intermediates were determined as described previously (12) . Abbreviation: PEP, phosphoenolpyruvate. IAA under the conditions used (data not shown). The effects of increasing concentrations of IAA on the glycolytic flux and on the activity of G3P dehydrogenase are shown in Fig.  2 . The control strength on glycolysis of G3P dehydrogenase was estimated from the ratio of the tangents of the angles between the titration curves and the horizontal line at zero IAA concentration (Fig. 2) . The CiE. was determined in two independent experiments and was found to be about 0.9. Similar results were obtained for S. cremoris Wg2 (data not shown). Surprisingly, when cells were starved for approximately 10 h (corresponding with sample C in Fig. 1 ) before incubation with IAA, the remaining activity of the glycolytic pathway and G3P dehydrogenase was not significantly affected by IAA up to a 1 mM concentration of IAA. The insensitivity towards IAA could be due to oxidation of the reactive SH group in G3P dehydrogenase during starvation.
The observation that the Cx. of G3P dehydrogenase is close to 1 does not necessarily mean that glycolysis is rate limited by this enzyme only (it should be noted that other enzymes may have negative flux control coefficients [15, 16] ). Furthermore, flux-control coefficients are not constants but are likely to vary with experimental (environmental) conditions, e.g., in growing cells, the value of 0.9 could be expected to be lower (8, 16 
